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Neurotrophic factors promote motoneuron (MN) survival
through increased intracellular calcium (Ca2) and regulation
of the phosphatidylinositol (PI) 3-kinase/protein kinaseB (PKB)
pathway by calmodulin (CaM). Activation of the PI 3-kinase/
PKBpathway is oneof thewell establishedmechanisms involved
in MN survival. The Ca2/CaM complex interacts with and
modulates the functionality of a large number of proteins,
including serine/threonine protein kinases such as Ca2/CaM-
dependent protein kinases (CaMKs). Using a primary culture
of embryonic chicken spinal cord MNs, we investigated the
role of CaMKIV inmediating this process.We cloned chicken
CaMKIV and demonstrated its expression in purifiedMNs by
means of reverse transcription-PCR, Western blot, and
immunofluorescence. Using RNA interference, we show that
endogenous CaMKIV mediates cell survival induced by neu-
rotrophic factors or membrane depolarization. The survival
effect is independent of CaMKIV kinase activity; however,
CaMKIV functionality depends on the presence of Ca2/
CaM. Finally, CaMKIV associates to the p85 subunit of PI
3-kinase in a Ca2-dependent manner, suggesting a role in
regulating PI 3-kinase/PKB activation.
Neurotrophic factors and membrane depolarization pro-
mote neuronal survival through the activation of intracellular
pathways. Both mechanisms induce a moderate increase in
intracellular calcium (Ca2) concentration; that is, (a) neuro-
trophic factors through intracellular Ca2 mobilization (1, 2)
and (b)membrane depolarization throughCa2 influx from the
extracellular space (3, 4). The intracellular Ca2 increase is
detected by the ubiquitous calcium-sensing protein, calmodu-
lin (CaM).7 CaM becomes activated and mediates some intra-
cellular events related to survival pathways, such as activating
the phosphatidylinositol (PI) 3-kinase/protein kinase B (PKB)
signaling pathway (2, 5) or directly activating PKB through
Ca2/CaM-dependent kinase kinase (CaMKK) (6). The PI 3-ki-
nase/PKB pathway is one of the well established mechanisms
that mediates neuronal survival (7). For example, activation of
the specific tyrosine-kinase receptors of the neurotrophin fam-
ily (8) or the glial cell line-derived neurotrophic factor (GDNF)-
family ligands (9) induce neuronal survival through this
pathway.
The Ca2/CaM complex interacts with and modulates the
functionality of a large number of proteins, including serine/
threonine protein kinases such as Ca2/CaM-dependent pro-
tein kinases (CaMKs). The CaMK cascade consists of CaMKK
and its downstream substrates CaMKI and CaMKIV (10, 11).
Although CaMKI is broadly expressed in different tissues,
CaMKIV is highly expressed in neurons. CaMKIV is mainly
localized at the nucleus but is also present in the cytosol (12),
suggesting an important role of this kinase in regulating neuro-
nal physiology. In fact, CaMKIV is concentrated in cerebellar
granule cells nuclei and catalyzes the phosphorylation of vari-
ous transcription factors, such as cAMP response element-
binding protein (CREB), which is thought to be the down-
stream effector of the depolarization- and calcium-dependent
survival pathway in these cells (13). A similar role of this protein
has been described in other neuronal populations, such as spiral
ganglion neurons (14). CaMKIV effects on neuronal survival
together with the pattern of expression during murine embry-
onic development (15) suggest an important role of this protein
in cellular survival and differentiation during this period.
Brain-derived neurotrophic factor (BDNF) and GDNF pro-
mote chicken motoneuron (MN) survival through increased
intracellular Ca2 concentration and direct regulation of PI
3-kinase activity by CaM (5, 2). In the present work we investi-
gated the role of CaMKIV in this survival process in a primary
culture of embryonic chicken spinal cord MNs. We cloned
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chicken CaMKIV and generated a constitutively active form
(CaMKIVCA) by deleting the calmodulin binding domain
(CBD). CaMKIVCA overexpression induces MN survival in the
absence of any trophic support. Survival experiments using
RNA interference further demonstrated that endogenous
CaMKIV mediates MN survival whether induced by neurotro-
phic factors or membrane depolarization. Finally, we show that
CaMKIVassociateswith PI 3-kinase in aCa2-dependentman-
ner and activates PKB. Nonetheless, CaMKIV effects on MN
survival and PKB activation are independent of its kinase activ-
ity. Taken together these results implicate CaMKIV in the sur-
vival process and PI 3-kinase/PKB activation of spinal cord
MNs during chicken embryonic development.
EXPERIMENTAL PROCEDURES
Materials—Neurotrophic factors were obtained from
Alomone (Jerusalem, Israel); LY294002 was from Calbiochem;
EGTA was from Sigma; 1,2-bis(2-aminophenoxy)ethane
N,N,N,N-tetraacetic acid acetomethyl ester (BAPTA-AM)
was from Molecular Probes (Eugene, OR); [-32P]ATP (10
mCi/ml) was purchased from Calbiochem.
Cloning of Gallus gallus CaMKIV and Site-direct Muta-
genesis—The complete sequence of chicken CaMKIV was ob-
tained from two expressed sequence tags (ESTs), ChEST49p9
and ChEST99m17 (Geneservice, Cambridge, UK). Inserts were
amplified by PCR using the following primers: forward 5-
CGGGATCCATGCCCTCCACCTCTGCC-3 and reverse 5-
GCCTTAAGTTTACGCCGGGC-3 for ChEST49p9 clone
and forward 5-GAAACTTAAGGCTGCCATG-3 and reverse
5-CGTCTAGATGCCGCTGGGAGCCGGGCACC-3 for
ChEST99m17 clone. Amplified fragments were subcloned in
pcDNA3-FLAG (pcDNA3-FLAG-CaMKIV).
The constitutively active form of CaMKIV (CaMKIVCA) was
generated from ChEST49p9 clone using the following primers:
forward 5-CGGGATCCATGCCCTCCACCTCTGCC-3 and
reverse 5-CGAATTCAAAGCTTCTTTTGTGCGTTGTC-
CAT-3. PCR fragments were subcloned in pcDNA3-FLAG
(pcDNA3-FLAG-CaMKIVCA). All inserts in the expression
vector were verified by sequencing (3100-Avant Genetic Ana-
lyzer, Applied Biosystems, Foster City, CA). Oligonucleotides
were obtained from Sigma.
A dominant negative form of CaMKIVCA was generated
from the constitutively active form by introducing the muta-
tion K60E, which renders it kinase dead (pcDNA3-FLAG-
CaMKIVCA-KD). Site-direct mutagenesis was performed on
the pcDNA3-FLAG-CaMKIVCA plasmid by the PCR method
and DpnI digestion of the template. PfU UltraTM High Fidelity
DNA polymerase from Stratagene (La Jolla, CA) was used for
PCR amplification. For mutagenesis we used the following
primers: forward 5-TTACGCCATCGAAAAGTTGAAGGA-
GACAATCGATAAGAAAATTGTCCGCA-3 and reverse 5-
TGCGGACAATTTTCTTATCGATTGTCTCCTTCAACT-
TTTCGATGGCGTAA-3. Mutations were confirmed by
DNA sequencing. Truncated forms of CaMKII and CaMKIV
were kindly provided by R. A. Maurer, and truncated forms of
CaMKK and CaMKI were cloned in pc-DNA3 plasmid accord-
ing to Matsushita and Nairn (21).
CaMKIV Kinase Assay—HEK293T cells were transiently
transfected with pcDNA3-FLAG-CaMKIV, pcDNA3-FLAG-
CaMKIVCA, pcDNA3-FLAG-CaMKIVCA-KD, or the empty
vector using LipofectamineTM 2000 Transfection Reagent
(Invitrogen). For CaMKIV immunoprecipitation, cells were
lysed in a buffer containing 20 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 5 mM EDTA, 1% Nonidet P-40, 1 mM orthovanadate, 25
mM NaF, 50 mM -glycerophosphate, 10% glycerol, and Com-
pleteTM EDTA-free protease inhibitor mixture. Lysates were
immunoprecipitated with anti-FLAG-Sepharose beads
(Sigma). Immunoprecipitates were washed 3 times in kinase
buffer containing 50 mM Tris, pH 7.4, 0.2% Tween 20, 0.5 mM
dithiothreitol, 20 mM Mg Cl2, and 2 mM CaCl2 or 2 mM EGTA
(for kinase assay conditionswith orwithoutCa2, respectively).
The kinase assay was performed in the presence of 1 M CaM,
25MATP, 10Ci of [-32P]ATP in the kinase buffer using 0.2
g of CREB (Calbiochem) as substrate for 20 min at 30 °C. The
reaction was stopped by adding loading buffer. Samples were
resolved by SDS-PAGE and then transferred onto polyvinyli-
dene difluoride Immobilon-P transfer membranes. Radioactive
bands were detected by autoradiography using Fuji BAS1000
imaging analyzer and quantified in PCBAS 2.0 software (Fuji
Photo Film, Co. Ltd.). The protein levels of phospho-CREB,
CREB, and FLAG-CaMKIV were analyzed by probing the
membrane with indicated antibodies.
RNA Interference Constructs—For RNA interference experi-
ments (16), constructs were obtained into the pSUPER.retro.
puro plasmid (OligoEngine, Seattle, WA) using specific oligo-
nucleotides of the CaMKIV sequence, indicated by capital let-
ters as follows: forward gatccccGGGAGATCAGTACATATA-
TttcaagagaATATATGTACTGATCTCCCttttt and reverse agct-
aaaaaGGGAGATCAGTACATATATtctcttgaaATATATGT-
ACTGATCTCCCggg. Oligonucleotides were obtained from
Sigma.
PC12 cells were infected using lentivirus obtained from
HEK293T cells transfected with pLVTHM, pSPAX2, and
pM2G (kindly provided by D. Trono, Geneva, Switzerland)
using previously described methods (17, 18). RNAi (RNAi tar-
geting the CaMKIV-specific sequence) and RNAic (RNAi tar-
geting an unspecific RNA sequence, used as a control) were
subcloned in pLVTHM from pSUPER.retro.puro using EcoRI
and ClaI restriction enzymes. Four hours later, 3 l of concen-
trated lentivirus (5  108–1  109 TU/ml, biological titers
expressed as transducing units per ml) were added to
pcDNA3-FLAG-CaMKIV-transfected PC12 cultures; 12 h later
the medium was changed. RNAi efficiency was monitored by
Western blot analysis using anti-CaMKIV antibody (BDTrans-
duction Laboratories).
MN Isolation, Transfection, and Survival Evaluation—Spinal
cord MNs were purified from embryonic day 5.5 (E5.5) chick
embryos according to Comella et al. (19) with minor modi-
fications (35). For survival experiments MNs were trans-
fected 30 min to 1 h after plating using the Lipofectamine
2000TM Transfection Reagent according to the manufactur-
er’s instructions. When indicated, MNs were co-transfected
with pEGFP (enhanced green fluorescent protein; Clontech,
BD Biosciences) and either pcDNA3-FLAG-CaMKIVCA or
pcDNA3-FLAG-CaMKIVCA-KD or CaMKIV RNAi or empty
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vector. The empty vectors were pcDNA3-FLAG or pSUPER.
retro.puro, respectively.
Survival evaluation was performed as described under
“Results” for each experiment. Briefly, cell survival was
expressed as the percentage of fluorescent cells remaining in
the culture dish after 24 or 72 h of treatment with respect to the
fluorescent cells present in the same culture dish at the begin-
ning of the treatment. Values are the means S.E. of 3–4 wells
(total cell number counted per well, 200–250) from a repre-
sentative experiment that was repeated at least three times. Cell
death characterization was evaluated by estimating the per-
centage of membrane blebbing morphology as described by
Edwards and Tolkovsky (20). Twenty-four hours after treat-
ment initiation the percentage of fluorescent cells with mem-
brane blebbing morphology was calculated with respect to the
total number of fluorescent cells present in the culture dish.
Values are the means  S.E. of 3–4 wells (total cell number
counted per well, 200–250) from a representative experiment
that was repeated at least three times.Where applicable, statis-
tical analysis was performed with Student’s t test.
Reverse Transcription-PCR Analysis—cDNA was reverse-
transcribed from RNA extracted from purified or culturedMNs.
PCR was performed by co-amplification of CaMKIV and the
housekeeping L27 ribosomal protein. Primers used to amplify
chicken CaMKIV were 5-CGGGATCCATGCCCTCCACCTC-
TGCC-3 (forward) and 5-CGTCTAGATGCCGCTGGGAGC-
CGGGCACC-3 (reverse). The L27 ribosomal protein primers
were 5-AGCTGTCATCGTGAAGAA-3 (forward) and 5-
CTTGGCGATCTTCTTCTTGCC-3 (reverse).
Immunoprecipitation and Western Blot Analysis—Western
blot analysis was performed as described (2). The following
antibodies were used as suggested by the manufacturer: anti-
phospho-PKB Ser-473, anti-phospho-ERK, anti-phospho-
CREB Ser-133, and anti-CREB (Cell Signaling, Beverly, MA);
anti-PKBC-20 (Santa Cruz Biotechnology, CA); anti--tubulin
(Sigma); anti-p85, anti-CaMKIV, anti-ERK, and anti-EGFP (BD
Transduction Laboratories); anti-FLAG (Affinity Bioreagents,
Golden, CO).
Co-immunoprecipitation assays were performed as
described in Perez-Garcia et al. (2) with minor modifications.
MNs were lysed in a Nonidet P-40 buffer (20 mM Tris, pH 7.4,
150 mM NaCl, 1% Nonidet P-40, 10% glycerol, 1 mM sodium
orthovanadate, 25 mM NaF, 40 mM glycerophosphate, 1 mM
phenylmethylsulfonyl fluoride, and CompleteTM EDTA-free
protease inhibitor mixture). Total protein samples (600 g)
were subjected to immunoprecipitation overnight at 4 °C with
an anti-p85 monoclonal antibody in the presence of 0.1 mM
CaCl2 or 2 mM EGTA. Samples were incubated with protein G
for 2 h at 4 °C. Immunocomplexes were washed three times
with ice-cold lysis buffer containing CaCl2 or EGTA, resus-
pended with loading buffer, boiled, resolved in SDS-polyacryl-
amide gel, and transferred onto polyvinylidene difluoride
Immobilon-P membrane filters.
PC12 cells were electroporated with the plasmid encoding
pcDNA3-FLAG-CaMKIV or the empty vector using a Gene
Pulser (Bio-Rad). HEK293T cells were transfected using
Lipofectamine reagent with pcDNA3-FLAG-CaMKIV or
pcDNA3-FLAG-CaMKIVCA or the empty vector. After 48 h
cells were lysed in a buffer containing 20 mM Tris, pH 7.4, 120
mM NaCl, 1% Nonidet P-40, 10% glycerol, 1 mM sodium
orthovanadate, 25 mM NaF, 40 mM -glycerophosphate, 1 mM
phenylmethylsulfonyl fluoride, 10 g/ml aprotinin, 20 g/ml
leupeptin, and 2mMbenzamidine. Total protein samples (1mg)
were subjected to immunoprecipitation overnight at 4 °C with
an anti-p85monoclonal antibody andwere recoveredwith pro-
tein G (Sigma) and resolved in SDS-polyacrylamide gel. Blots
were probed with an anti-FLAG antibody to detect the trans-
fected CaMKIV or an anti-p85 antibody to check for compara-
ble immunoprecipitation efficiency.
Immunofluorescence—MNs were plated, and 24 h later cells
were fixed in 4% (w/v) paraformaldehyde (Sigma) for 20 min,
rinsed in phosphate-buffered saline (PBS), and blocked for 1 h
at room temperature with 5% fetal bovine serum, 0.1% Triton
X-100 in PBS. The primary antibody anti-CaMKIV was used at
a concentration of 1:150 in 5% bovine serum albumin and 0.1%
Triton X-100 in phosphate-buffered saline overnight at 4 °C.
rhodamine Red X conjugated donkey anti-mouse antibody was
from Jackson ImmunoResearch (West Grove, PA). Finally,
nucleiwere stainedwithHoechst 33258 (Sigma) dye andused at
a concentration of 0.05 g/ml. Confocal images were captured
with an Olympus FluoViewTM FV-500 confocal laser scanning
microscope and compatible software (Olympus).
RESULTS
CaMKIV, but Not Other CaMK Family Members, Support
MN Survival in Culture—To investigate the molecular
mechanisms involved in MN survival induced by intracellu-
lar Ca2 increase and CaM activation, we transfected MNs
with different constitutive active forms of CaMK family
members and analyzed their effects on cell survival. Cultures
were then co-transfected with pEGFP and the truncated
forms of CaMKII1–290 or CaMKIV1–313 (kindly provided by
R. A. Maurer) or CaMKK1–413 or CaMKI1–295 (cloned in our
laboratory according to Matsushita and Nairn (21))8 or the
empty vector. These truncated forms lack the autoinhibitory-
regulatory region and result in constitutively active protein
kinases that no longer require Ca2 and CaM (22, 23). Twenty-
four hours later cells were washed, the culture medium was
replaced, and different experimental conditions were estab-
lished. MN survival was evaluated 24 h after treatment as the
percentage of fluorescent cells with blebbing morphology with
respect to the total number of fluorescent cells present in the
culture well (Fig. 1). It has been described that 24 h after neuro-
trophic factor withdrawal, apoptotic dying neurons show a
marked blebbing of the plasma membrane, whereas healthy neu-
rons are smooth and have long neurites (20). Cultures transfected
with the empty vector in the absence of any neurotrophic support
(NS condition) showed 56.5 2.5% of apoptotic cells; however, in
the presence of 10 ng/ml BDNF the percentage of blebbing cells
was significantly reduced (30.5  2.1%). When apoptotic mor-
phology was evaluated in the culture wells transfected with the
constitutively active forms of CaMKs, only CaMKIV1–313
(31.5 2.9%) was able to significantly reduce the percentage of
8 M. J. Pe´rez-Garcı´a, J. Egea, Y. de Pablo, M. Llovera, J. X. Comella, and R. M.
Soler, unpublished results.
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blebbing cells to the same level of BDNF-treated control cul-
tures (Fig. 1). These results indicate that the constitutively
active form of CaMKIV, but not the constitutively active forms
of CaMKK or CaMKI or CaMKII, protects MNs from the cell
death induced by trophic factor deprivation, which further sug-
gests that CaMKIV is involved in the survival signaling path-
ways of spinal cord MNs.
Molecular Cloning of G. gallus CaMKIV—To understand
better the role of endogenous CaMKIV in chickenMN survival,
we cloned chicken CaMKIV by PCR. By searching publicly
available EST chicken databases (GenBankTM, NCBI) we found
two clones, ChEST49p9 (GenBankTM accession number
BX934362) and ChEST993m17 (GenBankTM accession num-
ber BU210024), that contained partial cDNA sequences of
CaMKIV identified by homology with CaMKIV cDNA from
other species. The first clone contained the cDNAencoding the
amino terminus (nucleotide 1–938) and the second the car-
boxyl terminus (nucleotide 927–1112) of CaMKIV protein
(see “Experimental Procedures”). The cloned G. gallus
sequence is available in GenBankTM/EMBL/DDBJ under the
accession number NM_001034813. After the full-length
fragment was obtained and sequenced, we decided to analyze
some general features of CaMKIVs. Fig. 2A compares the
CaMKIV sequences fromG. gallus withMus musculus (Gen-
Pept accession number NP033923), Rattus norvegicus (GenPept
accessionnumberNP036859), andHomosapiens (GenPept acces-
sion number NP001735). Alignment of G. gallus CaMKIV
sequence shows 76% identity with R. norvegicus andM. muscu-
lus and 77% identity when compared withH. sapiens (Table 1).
The carboxyl terminus of G. gallus CaMKIV sequence shows
less identity (from amino acid 326) compared with the mam-
malian species. In fact, the entire coding region of cloned
CaMKIV encodes a protein with 372 amino acids, whereas
CaMKIV amino acid sequences from other species are longer
(M. musculus is 469 amino acids; R. norvegicus is 502 amino
acids, andH. sapiens is 473 amino acids). Fig. 3B shows aWest-
ern blot using an anti-CaMKIV primary antibody (generated
against the amino-terminal region of human CaMKIV from
amino acid 1 to 241) that recognizes an 40-kDa band in the
chicken MN protein extract, whereas in mouse MN the anti-
body recognizes a 60-kDa band. According to the expected
size deduced from bioinformatics methods, the estimated
molecular mass of chicken CaMKIV is 41.3 kDa, and the iso-
electric point 8.28 (24).
Using in silico methods, we also determined the protein
kinase domain of cloned CaMKIV from amino acid 31 to 285,
the ATP binding site located at Lys60 (25), and the CBD (26).
We observed the presence of a subclass of 1–14motif, the basic
1-8-14 motif, at position 308–327. Compared with CaMKIV
sequences from other species, all have the same basic 1-8-14
motif at the carboxyl terminus of the protein (M. musculus,
position 319; H. sapiens, position 323; R. norvegicus, position
347), indicating that G. gallus CaMKIV also contains the CBD,
although its protein sequence is shorter in length (Fig. 2B).
We attempted to map the autoinhibitory domain (AID) in
chickenCaMKIV. It has previously been described that the car-
boxyl-terminal region after Leu313 contains the AID of
CaMKIV (27). Tokumitsu et al. (28) expressed and purified a
series of carboxyl terminus truncation mutants to map a mini-
mum autoinhibitory sequence of mouse CaMKIV. They con-
cluded that the location of this sequence is between residues
Gln314 andLys321. The truncatedmutant at Lys321 is completely
inactive in either the presence or the absence of Ca2/CaM,
indicating the presence of a functional autoinhibitory
sequence.However, the truncatedmutant at Leu313 generated a
constitutively active form of the enzyme. Thus, comparing
mouse and chicken CaMKIV, we found the same sequence
described for mouse minimum AID located between Gln303
and Lys312 residues of chicken sequence (Fig. 2B).
After Ca2/CaM binding to CaMKIV, it can then be phos-
phorylated on a specific Thr residue (Thr200 in human and
Thr196 in mouse) by the CaMKK. This event is associated with
a marked increase in the total activity of CaMKIV and the gen-
eration of a Ca2/CaM-independent and autonomous kinase
activity required for its role in transcription (29). In chicken
CaMKIV this specific Thr residue is located in position 185
(Fig. 2B). Thus, cloned chicken CaMKIV is shorter in length,
FIGURE 1. Effect of CaMK constitutively active form transfection on MN
survival. MNs were transiently co-transfected with pEGFP and truncated
forms of CaMKs or the empty vector. Twenty-four hours later cells were
washed, and different experimental conditions were established; that is,
BDNF (10 ng/ml) or NS. Cell death was expressed as the percentage of cells
with blebbingmorphology with respect to the total EGFP-positiveMNs pres-
ent in the culture dish after 24 h of treatment. Values are the mean S.E. of
three wells from a representative experiment that was repeated at least two
more times. Asterisks indicate significant differences between CaMKIVCA and
the empty vector cultures in BDNF medium using Student’s t test (*, p 
0.001). Representative images of healthy (Alive) and 24-h deprived (Blebbing)
cultured MNs. Bar, 25 m.
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recognized by the same antibody as
mouse, and contains most of the
characteristics of this protein in
other species.
Chicken CaMKIV Is Expressed
in Purified and Cultured Spinal
Cord MNs—To demonstrate that
CaMKIV is expressed in chicken
spinal cord MNs, reverse tran-
scription-PCR assay was used to
analyze the presence of mRNA in
these cells. MNs from E5.5
chicken embryos were purified
using a density gradient, and RNA
was extracted from freshly iso-
lated cells or from 24-h-cultured
cells in the presence of 10 ng/ml of
BDNF in the culture medium.
After semiquantitative reverse tran-
scription-PCR analysis with the spe-
cific primers used for the amplifica-
tion of the complete sequence of
CaMKIV (see “Experimental Proce-
dures”), we show the presence of
CaMKIV transcripts in both sam-
ples (Fig. 3A). Cloning and sequenc-
ing the PCR products showed the
same nucleotide sequence as
CaMKIV cloned from ESTs. The
immunofluorescence using an anti-
body against CaMKIV shows a cyto-
solic (745.2  62 average fluores-
cence intensity (AFI)) and nuclear
(366.6  38.6 AFI; control without
primary antibody 2.48  2.6 AFI)
distribution in 24-h cultured MNs
(Fig. 3C). These results demonstrate
that CaMKIV is expressed in freshly
isolated and cultured embryonic
chicken spinal cord MNs.
Chicken CaMKIV Activation Is
Ca2/CaM-dependent and Its Con-
stitutively Active Form Induces MN
Survival—One of the characteristic
features of CaMKs is the Ca2 and
CaM dependence for their activa-
tion. Binding of Ca2/CaM to the
CBD alters the conformation of the
kinase and , therefore, induces its
activation (for review, see Ref. 10).
However, maximal CaMKIV activa-
tion in vitro requires three steps, (a)
Ca2/CaMbinding, (b) phosphoryl-
ation by CaM-bound CaMKK in a
Thr residue located in its activa-
tion loop, and (c) autophosphoryl-
ation in amino-terminal region
(30). Once activated, CaMKIV is
FIGURE2.Alignedaminoacid sequencesofmouse (M. musculus), rat (R. norvegicus), human (H. sapiens),
and chicken (G. gallus). A, comparison of CaMKIV protein sequences from mouse, rat, human, and chicken.
Amino acids identical in all species are shaded in black, whereas thosewith conservative changes are shaded in
gray. Mouse, rat, and human protein sequences are available in GenBankTM/EMBL/DDBJ under the accession
numbers; see “Results.” Cloned chicken sequence is now available with accession number NM_001034813.
B, analysis of the amino acid sequence of chicken CaMKIV. Arrows delimited the protein kinase domain of
CaMKIV from amino acid 31 to 285. Underlined amino acids indicate the basic 1-8-14motif that corresponds to
the CBD. Bold amino acids in the carboxyl terminus indicate the putativeminimumAID. Asterisks indicate Lys60
(ATP binding site) and Thr185 (amino acid susceptible to be phosphorylated by CaMKK).
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responsible for the physiological Ca2-dependent stimula-
tion of transcription through the phosphorylation of several
transcription factors, including CREB at Ser133 (31). In this
context we decided to analyze the Ca2/CaM dependence of
cloned CaMKIV for its kinase activity and for CREB phos-
phorylation. pcDNA3-FLAG-CaMKIV was overexpressed in
HEK293T cells, and protein extracts were immunoprecipi-
tated using an anti-FLAG-Sepharose. CaMKIV activity was
assayed in those immunoprecipitates using recombinant
CREB as a substrate (Fig. 4).We also analyzed the Ca2/CaM
dependence of a constitutively active form of chicken
CaMKIV (CaMKIVCA). This form is a truncated mutant at
Leu302, as predicted by homology with mouse CaMKIV trun-
cated at Leu313, which generates a constitutively active and
Ca2/CaM-independent protein (see above). As shown in
Fig. 4, immunoprecipitates containing CaMKIVCA induce
kinase activity and CREB phosphorylation. Both outcomes
were unaffected by the presence of the Ca2 chelator EGTA,
indicating that CaMKIVCA is Ca2/CaM-independent. On
the other hand the presence of 2 mM CaCl2 plus 1 M CaM in
the kinase assay buffer induced 69.2  5.7% activation of
CaMKIV compared with CaMKIVCA immunoprecipitates.
However, when 2 mM Ca2 chelator EGTA was added, the
activation was reduced to 21.2  4.3%, indicating that
CaMKIV is Ca2/CaM-dependent. Using an anti-phospho-
CREB antibody, we also observed that chicken CaMKIV
induces Ser133 phosphorylation in the presence of Ca2 and
CaM (Fig. 4A). In the presence of EGTA, CREB phosphoryl-
ation was less evident than in the immunoprecipitates con-
taining Ca2, although the level of CREB protein was similar
in both lanes.
FIGURE 3. CaMKIV is expressed in chicken spinal cordMNs. A, agarose gel
showing the reverse transcription-PCR products using primers for chicken
CaMKIV in E5.5-purified chicken spinal cord MNs (PF) or 24-h cultured MNs (1
day in vitro (1DIV)). Co-amplification of the L27 mRNA (bottom band in each
line) serves as an internal control. Ø, control reactions performed without
reverse transcriptase.M, 1-kilobase DNA ladder marker. B, Western blot anal-
ysis of protein extracts from freshly purified chicken or mouse spinal cord
MNs. The membrane was probed with an anti-CaMKIV antibody. C, confocal
images of immunofluorescencewith amonoclonal antibody against CaMKIV.
Representative images of CaMKIV expression in MNs using an anti-CaMKIV
antibody (red) and Hoescht 33258 (blue). No immunoreactivity was detected
in the presence of a non-relevant IgG (bottom panels).
FIGURE 4. Activity of cloned CaMKIV is Ca2-dependent. A, HEK293T cells
were transfected with pcDNA3-FLAG-CaMKIV or pcDNA3-FLAG-CaMKIVCA or
the empty vector and immunoprecipitated with an anti-FLAG-Sepharose
beads. Activity was determined in a radioactive kinase assay using CREB as a
substrate in the presence (Ca2) or absence (EGTA) of calcium. [-32P]ATP
incorporation to the substrate CREB is shown in the top panel. The same
extracts were used for a Western blot analysis of phosphorylated CREB using
a specific (-P-CREB) antibody and CREB protein using an anti-CREB antibody
(-CREB) as a control of protein content (middle panels). Efficiency of immu-
noprecipitation was checked byWestern blot using a specific anti-FLAG anti-
body (bottom panel). B, the graph represents the percentage of [-32P]ATP
incorporation in different conditions with respect to CaMKIVCA-transfected
cells in thepresenceof Ca2. Values are themean S.E. of three independent
experiments. The asterisk indicates significant differences when comparing
CaMKIV-transfected cells in the presence of EGTAwith CaMKIVCA-transfected
cells in the presence of Ca2 using Student’s t test (*, p 0.001).
TABLE 1
Percentage of identity in a pairwise alignment between different
species
M. musculus R. norvegicus H. sapiens G. gallus
M. musculus 90 81 76
R. norvegicus 90 79 76
H. sapiens 81 79 77
G. gallus 76 76 77
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To determine whether chicken CaMKIVCA inducesMN sur-
vival in the absence of neurotrophic support, we co-transfected
MN cultures with pEGFP and pcDNA3-FLAG-CaMKIVCA or
the empty vector. After 24 h cells were washed and treated with
10 ng/ml BDNFor 30mMKCl (30K, to inducemembrane depo-
larization) or left untreated (non-supplemented (NS)). Cell sur-
vival and cell death were evaluated 24 h later as the percentage
of fluorescent cells remaining in the culture well with respect to
the fluorescent cells at treatment initiation and the percentage
of cells with blebbing morphology with respect to the total flu-
orescent cells in the culturewell, respectively. Results show that
CaMKIVCA protected MN from the cell death induced after
neurotrophic factor or high potassium withdrawal (Fig. 5).
After 24 h of deprivation, CaMKIVCA-transfected MN showed
100%of surviving cells with respect to the EGFP-positive cells
present at the beginning of the treatment, whereas empty vec-
tor-transfected cells in the same culture conditions showed
50% of surviving cells (Fig. 5A). Otherwise, the percentage of
blebbing cells in CaMKIVCA-transfected MNs was reduced
(17%) as compared with the empty vector-transfected cul-
tures (35%) in the absence of any trophic support (Fig. 5B).
Together, these results indicate that chicken CaMKIV has
Ca2/CaM-dependent kinase activity, and the truncated form
in Leu313 generates a constitutively active form that protects
MNs from the cell death induced byneurotrophic factor or high
potassium deprivation.
Endogenous CaMKIV Mediates MN Survival—To ascertain
the role of endogenous CaMKIV in MN survival, we generated
two RNA interference sequences; that is RNAi, targeting a spe-
cific site of CaMKIV sequence (see “Experimental Proce-
dures”), and RNAic, targeting an unspecific RNA sequence,
used as a control of the experiment. To check the ability of RNA
interference constructs to knock downCaMKIVexpression,we
used PC12 cells because the efficiency of transfection in
chicken MNs with standard methods is not high enough for
Western blot analysis of protein expression. For the same rea-
son we used PC12 cells in the signaling experiments described
below. PC12 cells do not express CaMKIV (32). Nonetheless,
heterologous expression of chicken CaMKIV lacking CBD pre-
vents apoptotic cell death of PC12 cells deprived of any trophic
support. Thus, when the percentage of apoptotic nuclei was
measuredwith the fluorescent nucleic acid stainHoechst 33258
dye (apoptotic cells display a highly condensed DNA that is
normally fragmented in two ormore chromatin aggregates), we
observed that CaMKIVCA-transfected cultures showed the
same percentage of apoptotic cells than the empty vector-
transfected cultures in the presence of trophic support (6.1 
0.5 and 4.1  0.5%, respectively). However, the percentage of
apoptotic cells in PC12-deprived cultures was found to be
significantly higher (14.3  1.7; p  0.01) when compared
with their trophic supported or CaMKIVCA-transfected
counterparts. Therefore, for the experiment we expressed
chicken CaMKIV in these cells. Using Lipofectamine we
transiently co-transfected PC12 cells with pEGFP and
pcDNA3-FLAG-CaMKIV. Four hours later, cells were infected
with lentivirus containing the sequence encoding RNAi or the
control RNAic or the lentiviral empty construct. RNAi, but not
RNAic, dramatically decreased the level of ectopically
expressed CaMKIV protein in PC12 cells (Fig. 6A).
To analyze the effect of RNAi onMN survival, culturedMNs
were co-transfected using Lipofectamine with pEGFP and
either RNAi or RNAic or the empty vector. After 24 h cultures
were washed, and the medium was replaced with different
treatments; that is, NS or 10 ng/ml BDNF or 30K. Survival was
evaluated 72 h later as the percentage of remaining fluorescent
cells in the culture dish with respect to those present at the
beginning of the treatment. Fig. 6B shows that RNAi, but not
RNAic, blocked the survival effect induced by BDNF or by 30K
medium. This effect on cell survival with the RNAi construct
demonstrates that endogenous CaMKIV plays a role in reg-
ulating MN survival in both experimental paradigms, neuro-
trophic factor- or membrane depolarization-induced
chicken MN survival.
FIGURE 5.The constitutively active formof CaMKIV prevents cell death
induced by trophic deprivation. Thirty minutes after plating MNs were
transiently cotransfected with pEGFP and pcDNA3-FLAG-CaMKIVCA or the
empty vector. Twenty-four h later, cells were washed and treated with 10
ng/ml BDNF or 30 mM KCl medium (30K) or NS as indicated. A, survival was
expressed as the percentage of EGFP-positive cells after 24 h of treatment
with respect to the EGFP-positive cells present in the culture surface at the
beginning of the treatment. B, cell death was expressed as the percentage of
cells with blebbing morphology with respect to the total EGFP-positive MNs
present in the culture dish after 24 h of treatment. Values are themean S.E.
of three wells from a representative experiment that was repeated at least
two more times. Asterisks indicate significant differences between
pcDNA3-FLAG-CaMKIVCA and the empty vector cultures in NS medium
using Student’s t test (*, p  0.001).
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Constitutively Active Form of Chicken CaMKIV Induces PKB
Phosphorylation—It is well known that the activation of the PI
3-kinase/PKB pathway induces neuronal survival in various
neuronal populations (33), including spinal cord MNs (34, 35).
Ca2/CaM has a role in both the activation of the intracellular
pathway PI 3-kinase and MN survival induced by GDNF or
BDNF (2). GDNF stimulation induces a moderate increase of
intracellular Ca2 concentration, and this increase is involved
in MN survival through CaM activation, association to PI 3-ki-
nase, and PKB activation (2). In this context we wanted to ana-
lyzewhether the survival-promoting effect of CaMKIVwas also
mediated by the activation of the PI 3-kinase/PKB pathway.
PC12 cells were transiently co-transfected with pEGFP and the
pcDNA3-FLAG-CaMKIVCA or a constitutively active form of
PI 3-kinase (PI 3-KCA) or the empty vector (Fig. 7A). After 48 h
cells were washed and then stimulated for 5 min with different
culture conditions that is, non-supplemented or 100 ng/ml
NGFor 70mMKCl (K)with orwithout the PI 3-kinase inhibitor
LY294002 (50 M). Cell lysates were analyzed by Western blot
using specific antibodies against phospho-PKB (Ser473) or
phospho-ERK (Thr202 and Tyr204) to check the phosphoryla-
tion of both proteins as representative steps of activated PI 3-ki-
nase/PKB and ERKmitogen-activated protein kinase pathways,
respectively. Cells transfected with CaMKIVCA or PI 3-KCA
showed an increased level of PKB phosphorylation in Ser473
(Fig. 7A, lanes 6 and 8, respectively) and Thr308 (data not
shown) compared with the cultures transfected with the empty
vector (Fig. 7A, lane 1). In both conditions PKB phosphoryla-
tion was inhibited by the presence of the PI 3-kinase inhibitor
LY294002, indicating that PI 3-kinase activation mediates this
process (Fig. 7A, lanes 7 and 9). However, ERKphosphorylation
was not increased in the same extracts, suggesting that neither
CaMKIVCA nor PI 3-KCA is able to activate the ERK mitogen-
activated protein kinase pathway in these experimental condi-
tions. Control cultures treated with NGF or high potassium
medium induced an increase of PKB phosphorylation (lanes 2
and 4) that was blocked by LY294002 (lanes 3 and 5). In both
cases the same treatment induced ERK phosphorylation that
was not inhibited by LY294002, as expected (Fig. 7A). All these
results suggest that in PC12 cells, neurotrophic factors and high
potassium medium exert their biological effects, activating
both the PI 3-kinase and ERKmitogen-activated protein kinase
pathway. Nevertheless, CaMKIVCA induces PKB phosphoryla-
tion, but not ERK phosphorylation, indicating the involvement
of the PI 3-kinase pathway but not the ERK mitogen-activated
protein kinase pathway in its survival promoting effect.
To determine whether the kinase activity of CaMKIV induces
PKB phosphorylation, we cloned a CaMKIVCA kinase dead form
(pcDNA3-FLAG-CaMKIVCA-KD), which has an amino acid
mutation in the ATP binding domain (K60E). To evaluate its
kinaseactivity, itwasoverexpressed inHEK293Tcells, andprotein
extracts were immunoprecipitated using an anti-FLAG-Sepha-
rose. CaMKIV activity was assayed in those immunoprecipitates
using recombinant CREB as a substrate (Fig. 7B). As shown in Fig.
7B, in the presence of Ca2, CREB phosphorylation was signifi-
cantly lower in CaMKIVCA-KD (5.4 1.7%) immunoprecipitates
when compared with CaMKIVCA, indicating that kinase activity
was blocked in the mutated form. On the other hand, PC12 cells
were transfected either with pcDNA3-FLAG-CaMKIVCA or
pcDNA3-FLAG-CaMKIVCA-KD or the empty vector, and PKB
phosphorylation was analyzed. Fig. 7B shows that CaMKIVCA or
FIGURE 6. Endogenous CaMKIV is necessary for MN survival in vitro.
A, PC12 cells were transiently transfected with pcDNA3-FLAG-CaMKIV. After
4 h cells were infected with lentivirus containing a sequence encoding RNAi
against CaMKIV (RNAi) or an RNAi against an unspecific RNA sequence (RNAic)
or the empty vector. Protein extracts were probedwith the anti-CaMKIV anti-
body by Western blot analysis. Membranes were reprobed with an antibody
against-tubulin, used as a loading control, or an anti-EGFP antibody used as
expression control. The graph represents the expression of CaMKIV versus
tubulin and corresponds to the quantification of three independent experi-
ments. B, purifiedMNswere co-transfected using Lipofectaminewith pEGFP-
and pSUPER.retro.puro-containing sequences encoding RNAi or RNAic or the
empty vector. After 24 h cultures were washed, andmediumwas changed to
different conditions; that is, NS or 10 ng/ml BDNF or 30mM KCl (30K). Survival
was evaluatedafter 72has thepercentageof remaining fluorescent cellswith
respect to the fluorescent cells present at the beginning of the treatment.
Values are the mean  S.E. of three wells from a representative experiment
that was repeated at least twice with comparable results. Asterisks indicate
significant differences between RNAi and empty vector-transfected cultures
in BDNF or 30K medium using the Student t test (*, p 0.001).
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CaMKIVCA-KD transfection pro-
moted PKB phosphorylation. This
result indicates that thekinaseactivity
of CaMKIV does not induce PKB
phosphorylation.
We also analyzed the effect of this
kinase dead form on MN survival.
To this end MN cultures were co-
transfected with pEGFP and either
pcDNA3-FLAG-CaMKIVCA-KD or
pcDNA3-FLAG-CaMKIVCA or the
empty vector; 24 h later cultures
were washed and treated with the
different conditions (NS, 10 ng/ml
BDNF or 30K). Cell death (percent-
age of blebbing cells) was analyzed
24 h after treatment. Cultures trans-
fected with CaMKIVCA-KD showed
a percentage of cell death similar
to those transfected with the
CaMKIVCA (Fig. 8A), indicating
that the MN survival-promoting
effect mediated by CaMKIV is inde-
pendent of its kinase activity.
Finally, to establish the role of PI
3-kinase in MN survival mediated
by CaMKIV, cells were co-trans-
fected with the same plasmids as
described above. Twenty-four
hours later cells were washed and
treated with NS or 10 ng/ml BDNF
in the presence or absence of the
PI 3-kinase inhibitor LY294002
(50 M). Cell survival was evalu-
ated 48 h later as the percentage of
the fluorescent cells remaining in
the culture well with respect to the
fluorescent cells at treatment ini-
tiation. As shown in Fig. 8B, the
presence of LY294002 prevents
the survival effect induced by
CaMKIVCA or CaMKIVCA-KD,
indicating that PI 3-kinase activa-
tion mediates MN survival in-
duced by CaMKIV.
CaMKIV Associates with the
85-kDa Regulatory Subunit of PI
3-Kinase—We demonstrated that
CaMKIVCA transfection induces
PKBphosphorylationinaPI3-kinase-
dependent (Fig. 7A) and CaMKIV
kinase activity-independent (Fig.
7B) manner. To further analyze the
physiological regulation of PI 3-ki-
nase/PKB pathway by CaMKIV, we
evaluated the interaction between
PI 3-kinase and CaMKIV using a
co-immunoprecipitation strategy.
FIGURE 7. CaMKIVCA and CaMKIVCA-KD induce PKB phosphorylation. A, PC12 cells were transiently co-
transfected with pEGFP and PI 3-KCA or pcDNA3-FLAG-CaMKIVCA or the empty vector. After 48 h cells were
washed and stimulated for 5minwith different culture conditions; that is, 100 ng/ml NGF or 70mMKCl (K) with
or without 50 M LY294002 (LY) or non-stimulated. Total cell lysates were analyzed by Western blot using
anti-phospho-PKB antibody (-P-PKB (S473)) or an anti-phospho-ERK antibody (-P-ERK). Membranes were
stripped and reprobed with an anti-pan-PKB (-PKB), anti-pan-ERK (-ERK), anti-FLAG (-FLAG), or anti-PI 3-ki-
nase (-PI3K) antibodies. The graph represents measures of phospho-PKB versus total PKB from three inde-
pendent experiments. Asterisks indicate significant differences when compared CaMKIVCA-transfected cells
with non-stimulated empty vector-transfected cells using Student’s t test (*, p 0.05). B, HEK293T cells were
transfectedwith pcDNA3-FLAG-CaMKIVCA-KD immunoprecipitatedwith an anti-FLAG-Sepharose, and activity
wasdeterminedusingCREB as a substrate in thepresenceor the absence (EGTA) of Ca2. Thegraph represents
thepercentageofCREBphosphorylation in thedifferent conditionswith respect toCaMKIVCA-transfectedcells.
Values are the mean S.E. of three independent biological replicates. PC12 cells were transfected and then
stimulated with 70 mM KCl with or without LY294002 or non-stimulated. Total cell lysates were analyzed by
Western blot using anti-phospho-PKB antibody (-P-PKB (S473)). The graph represents the percentage of PKB
phosphorylation measured in the different conditions with respect to empty vector-transfected cells treated
with KCl. Values are the mean S.E. of three independent biological replicates.
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HEK293T cells were transfected with pcDNA3-FLAG-
CaMKIV or pcDNA3-FLAG-CaMKIVCA or the empty vector.
Two days later cultures were lysed and immunoprecipitated in
the presence or absence (EGTA) of Ca2 using a specificmono-
clonal antibody against the 85-kDa regulatory subunit of the PI
3-kinase (p85). Immunoprecipitates were resolved in SDS-
PAGE and analyzed by Western blot using an anti-FLAG or
anti-p85 antibodies. As shown in Fig. 9A, wild type CaMKIV
only immunoprecipitates in the presence of Ca2; nevertheless,
CaMKIVCA binds to p85 in a Ca2-independent manner. This
result indicates that both CaMKIV forms, wild type and trun-
cated constitutively active, associate to p85, suggesting that p85
binding site of CaMKIV is not located in the CBD.
To study the regulation of p85 and CaMKIV association,
PC12 cells were co-transfected with pEGFP and the empty vec-
tor (Fig. 9B, lane 1) or pcDNA3-FLAG-CaMKIV (Fig. 9B, lanes
2–8). Two days later cultures were washed and stimulated with
different culture conditions; that is, non-supplemented or 100
ng/ml NGF or 70 mM KCl with or without 50 M BAPTA-AM
(intracellular calcium chelator) or 50 M LY294002. Cells were
then lysed and immunoprecipitated with anti-p85 antibody.
Western blot analysis of PC12 immunoprecipitates probed
with an anti-FLAG antibody showed that CaMKIV co-immu-
FIGURE 8. Effect of PI 3-kinase inhibitors on CaMKIVCA-induced MN sur-
vival. MNs were co-transfected with pEGFP and pcDNA3-FLAG-CaMKIVCA,
pcDNA3-FLAG-CaMKIVCA-KD, or the empty vector. Twenty-four hours after
transfection, cultures were washed, and medium was changed with the dif-
ferent conditions. A, NS, 10 ng/ml BDNF, or 30 mM KCl (30K). Cell death was
expressed as the percentage of blebbing cells with respect to the total EGFP-
positive cells present in the culture dish 24 h after treatment. Values are the
mean  S.E. of three wells from a representative experiment that was
repeated at least two more times. Asterisks indicate significant differences
between pcDNA3-FLAG-CaMKIVCA-KD and the empty vector cultures in NS
medium using Student’s t test (*, p  0.001). B, NS or 10 ng/ml BDNF in the
presence or absence of 50MLY294002. Cell survivalwas evaluated 48h later
and is expressed as the percentage of the fluorescent cells remaining in the
culture well with respect to the fluorescent cells at treatment initiation. Val-
ues are the mean S.E. of three wells from a representative experiment that
was repeated at least two more times. Asterisks indicate significant differ-
ences in cell survival between cultures treated with or without LY294002
using Student’s t test (*, p 0.005).
FIGURE9.CaMKIVco-immunoprecipitateswithp85regulatorysubunitof
PI 3-kinase.A, HEK293T cellswere transfectedwithpcDNA3-FLAG-CaMKIVor
pcDNA3-FLAG-CaMKIVCA. Two days later cells were lysed and immunopre-
cipitated (IP) with an anti-p85 antibody (-p85) in the presence or absence
(EGTA) of Ca2. Immunocomplexes were analyzed by Western blot using an
anti-FLAG antibody (-FLAG). B, PC12 cells were co-transfected with pEGFP
and the empty vector (lane 1) or pcDNA3-FLAG-CaMKIV (lanes 2–8). Cultures
were stimulated with the following conditions: 100 ng/ml NGF (NGF) and 70
mMKCl (K)withorwithout 50MBAPTAor 50MLY294002. Cells lysateswere
then immunoprecipitated with the anti-p85 antibody (-p85). Immunocom-
plexes were analyzed by Western blot with an anti-FLAG antibody (-FLAG).
Efficiency of p85 immunoprecipitation in the different conditions was
checked by reprobing the membranes using the -p85. C, MNs were lysed,
and equal amounts of proteinwere immunoprecipitatedwith anti-p85 in the
presence or absence (EGTA) of Ca2. Immunocomplexes were analyzed by
Western blot using an anti-CaMKIV antibody. Efficiency of p85 immunopre-
cipitation in the different conditions was checked by reprobing the mem-
branes with anti-p85. A, B, and C experiments were repeated three times
using different biological replicates. The results were the same than those
showed in the figure.
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noprecipitates with p85 (Fig. 9B, lane 3). When cultures were
treated with NGF (Fig. 9B, lane 2) or high potassium (Fig. 9B,
lane 6), the level of co-immunoprecipitation increased with
respect to the non-stimulated cells (lane 3). In both cases (lane
5 forNGF; lane 8 for high potassium) LY204002 did not prevent
the association induced by these treatments, indicating that this
association is independent of PI 3-kinase activation. However,
when intracellular Ca2 was chelated with BAPTA-AM, the
co-immunoprecipitation was abolished, demonstrating the
Ca2 dependence of the association (lane 4 for NGF; lane 7 for
high potassium).
Finally, we evaluated the endogenous interaction between
CaMKIV and p85 in chicken MN. Cells were cultured 48 h in
the presence of neurotrophic factors then washed and serum-
and neurotrophic factors-starved during 12 h. Cultures were
either stimulated with 100 ng/ml BDNF or left untreated, then
lysed and immunoprecipitated with the anti-p85 antibody in
the presence or absence (EGTA) of Ca2.Western blot analysis
with an anti-CaMKIV antibody showed that CaMKIV co-im-
munoprecipitates with p85 in the presence of Ca2 but not in
the presence of EGTA (Fig. 9C). Together these results suggest
that CaMKIV and p85 association is mainly regulated by the
intracellular Ca2 levels.
DISCUSSION
In the present work we cloned G. gallus CaMKIV and ana-
lyzed its intracellular role inMN survival. Our results show that
chicken CaMKIV is shorter compared with other species but
contains the domains that characterize this family of proteins.
CaMKIVshowsnuclear localizationandisresponsible forCa2-
dependent gene transcription through the phosphorylation of
several transcription factors, including CREB (36). However,
previous results have shown that CaMKIV is present in the
cytoplasm as well as the nucleus, indicating that this kinase has
a physiological function other than phosphorylation of tran-
scription factors. In fact, CaMKIV phosphorylates oncoprotein
18 and regulates microtubule dynamics in response to external
signals that involve Ca2 (37). The results presented here are in
accordance with this possible role of CaMKIV in regulating
cytoplasmic events associated with cell differentiation and
survival.
The constitutively active form of CaMKIV induces MN sur-
vival in the absence of neurotrophic factors. However, reduc-
tion of endogenous CaMKIV by RNAi significantly decreases
BDNF-inducedMNsurvival.Our results indicate thatCaMKIV
mediates MN survival, as has been previously described for
other neuronal populations (13, 14). We suggest that CaMKIV
mediates this survival effect through its association to p85 but
not by direct activation of PKB given that transfection of the
kinase dead form of CaMKIVCA did not block either PKB phos-
phorylation or MN survival. CaMKIV associates to p85 in a
Ca2-dependent manner, suggesting that intracellular Ca2
regulates this association and affects neuronal survival. Neuro-
trophic factor treatment induces intracellular Ca2 increase
and neuronal survival (1, 2). Our results suggest that these
intracellular Ca2 changes together with CaM activation
induce Ca2/CaMbinding to CaMKIV. CaMKIV suffers a con-
formational change, associates to p85, and promotes PKBphos-
phorylation. When intracellular Ca2 is chelated or CaM acti-
vation is antagonized, PKB phosphorylation and cell survival
are blocked (2, 5) as a consequence of CaMKIV not associating
to p85.
We also demonstrate that CaMKIV RNAi blocks membrane
depolarization-induced cell survival. However, our previous
results in chicken spinal cordMNs showed thatCaM, but not PI
3-kinase activation (4), regulates the membrane depolarization
survival effect, suggesting the involvement of another pro-
tein(s) regulated by CaMKIV. One candidate to be activated by
membrane depolarization can be PKB. It has been reported that
Ca2/CaM or CaMKK directly regulates PKB binding to
plasmamembrane (38) or PKB activation (6), respectively, sug-
gesting that the increase of Ca2 after membrane depolariza-
tion regulates PKB without affecting PI 3-kinase activity. Fur-
thermore, membrane depolarization signaling mechanisms for
cell survival may act through the regulation of several proteins
at the same time. For example, in spiral ganglionneurons, depo-
larization uses at least three distinct Ca2-dependent signaling
pathways that act in parallel and in distinct intracellular com-
partments to promote cell survival (39). From our present and
previous (4) results, we can conclude that CaMKIV regulates
survival inMNs through PI 3-kinase activation in the neurotro-
phic factor model. However, in the membrane depolarization
paradigm,CaMKIVmay be involved in cell survival through the
regulation of other proteins that could be located in the same
and/or distinct cellular compartments that remain uncharac-
terized. Thus, in this work we show that CaMKIV reverses MN
survival induced by neurotrophic factors or membrane depo-
larization, indicating the convergence of both stimuli in
CaMKIV to induce neuronal survival. Appropriate levels of
neurotrophic factors and neuronal activity are two essential
requirements for developing neurons to survive and differenti-
ate. These requirements can be reconstructed in vitro by adding
neurotrophic factors or depolarizing concentrations of potas-
sium in the culture medium (40). Both treatments induce the
activation of survival pathways, but it is not clear whether these
signalingmechanisms are shared by both stimuli. Although the
activation of the PI 3-kinase/PKB pathway is well known as a
mediator of survival induced by neurotrophic factors (33, 34),
the involvement of this pathway in mediating high potassium
survival effect is not clear. As we mentioned above in the
NG108 neuroblastoma cell line, Yano et al. (6) found that Ca2
increase promotes cell survival by directly activating PKB with
CaMKK in a PI 3-kinase-independentmanner.However, in pri-
mary cultures ofMNs, the constitutively active formofCaMKK
did not promote cell survival, suggesting that this kinase is not
upstream of the CaMKIV effects and is not involved in the
intracellular pathways that regulate survival. Recently, Johnson
andD’Mello (41) also concluded that the neuroprotective effect
of high potassium in cerebellar granule neurons is mediated by
PKB activation, in this case through the activation of PAK-1,
the downstream effector of Rac and Cdc42. However, in sym-
pathetic neurons depolarization and neurotrophic factors con-
verge on the activation of PI 3-kinase and synergistically pro-
mote neuronal survival (42).
Two different CaMKIV null mice have been generated by
two independent laboratories. Both describe deficits in CREB
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phosphorylation and cerebellar defects, affecting either late-
phase of long-term depression (43) or the number and size (44)
of Purkinje cells. These studies confirm the importance of this
kinase during cerebellar function and development. The anal-
ysis ofMN function and number in thesemice had not yet been
reported. However, because we describe here an important role
of CaMKIV in mediating the survival of these cells, we would
expect a deficiency in the motor system that is not described in
the phenotype of CaMKIV knock-out mice. It would be inter-
esting to explore the possibility that another protein(s) has a
redundant role to compensate the lack of CaMKIV in these
mice. CaMKIV role in mediatingMN survival does not depend
of the kinase activity. However, Ca2/CaM-activated CaMKIV
is required for this survival effect, suggesting that proteins with
a potential redundant role must have a structural homology
instead of a kinase activity equivalent to CaMKIV. On the other
hand, mRNA expression during mouse nervous system devel-
opment is chronologically consistent with periods of extensive
cellular differentiation, proliferation, and neuronal survival (15,
42). The results from these studies suggest an important role of
CaMKIV during embryonic nervous system development and
provide a basis for further investigation of its involvement in
other neuronal population development.
Acknowledgments—We thank Isabel Sa`nchez and Roser Pane´ for
technical support and all the members of the Cell Signaling and
Apoptosis Group for unconditional support. We specially thank
Dr. Elaine M. Lilly for editing and proofreading the manuscript.
REFERENCES
1. De Bernardi, M. A., Rabins, S. J., Colangelo, A. M., Brooker, G., and Moc-
chetti, I. (1996) J. Biol. Chem. 271, 6092–6098
2. Perez-Garcia, M. J., Cena, V., de Pablo, Y., Llovera, M., Comella, J. X., and
Soler, R. M. (2004) J. Biol. Chem. 279, 6132–6142
3. Franklin, J. L., and Johnson, E.M., Jr. (1992)Trends Neurosci. 15, 501–508
4. Soler, R.M., Egea, J.,Mintenig, G.M., Sanz-Rodriguez, C., Iglesias,M., and
Comella, J. X. (1998) J. Neurosci. 18, 1230–1239
5. Egea, J., Espinet, C., Soler, R. M., Dolcet, X., Yuste, V. J., Encinas, M.,
Iglesias, M., Rocamora, N., and Comella, J. X. (2001) J. Cell Biol. 154,
585–597
6. Yano, S., Tokumitsu, H., and Soderling, T. R. (1998)Nature 396, 584–587
7. Kaplan, D. R., andMiller, F. D. (2000) Curr. Opin. Neurobiol. 10, 381–391
8. Brunet, A., Datta, S. R., andGreenberg,M. E. (2001)Curr.Opin.Neurobiol.
11, 297–305
9. Airaksinen, M. S., and Saarma, M. (2002) Nat. Rev. Neurosci. 3, 383–394
10. Soderling, T. R. (1999) Trends Biochem. Sci. 24, 232–236
11. Hook, S. S., and Means, A. R. (2001) Annu. Rev. Pharmacol. Toxicol. 41,
471–505
12. Jensen, K. F., Ohmstede, C. A., Fisher, R. S., and Sahyoun, N. (1991) Proc.
Natl. Acad. Sci. U. S. A. 88, 2850–2853
13. See, V., Boutillier, A. L., Bito, H., and Loeffler, J. P. (2001) FASEB J. 15,
134–144
14. Hansen, M. R., Bok, J., Devaiah, A. K., Zha, X. M., and Green, S. H. (2003)
J. Neurosci. Res. 72, 169–184
15. Wang, S. L., Ribar, T. J., andMeans, A. R. (2001) Cell Growth Differ. 12,
351–361
16. Sole, C., Dolcet, X., Segura, M. F., Gutierrez, H., Diaz-Meco, M. T., Goz-
zelino, R., Sanchis, D., Bayascas, J. R., Gallego, C.,Moscat, J., Davies, A.M.,
and Comella, J. X. (2004) J. Cell Biol. 167, 479–492
17. Naldini, L., Blomer, U., Gallay, P., Ory, D., Mulligan, R., Gage, F. H.,
Verma, I. M., and Trono, D. (1996) Science 272, 263–267
18. Zufferey, R., Dull, T., Mandel, R. J., Bukovsky, A., Quiroz, D., Naldini, L.,
and Trono, D. (1998) J. Virol. 72, 9873–9880
19. Comella, J. X., Sanz-Rodriguez, C., Aldea, M., and Esquerda, J. E. (1994)
J. Neurosci. 14, 2674–2686
20. Edwards, S. N., and Tolkovsky, A. M. (1994) J. Cell Biol. 124, 537–546
21. Matsushita, M., and Nairn, A. C. (1998) J. Biol. Chem. 273, 21473–21481
22. Sun, P., Enslen, H., Myung, P. S., and Maurer, R. A. (1994) Genes Dev. 8,
2527–2539
23. Sun, P., Lou, L., and Maurer, R. A. (1996) J. Biol. Chem. 271, 3066–3073
24. Bjellqvist, B., Hughes, G. J., Pasquali, C., Paquet, N., Ravier, F., Sanchez,
J. C., Frutiger, S., and Hochstrasser, D. (1993) Electrophoresis 14,
1023–1031
25. Hulo, N., Bairoch, A., Bulliard, V., Cerutti, L., De Castro, E., Langendijk-
Genevaux, P. S., Pagni, M., and Sigrist, C. J. (2006) Nucleic Acids Res. 34,
D227–D230
26. Yap, K. L., Kim, J., Truong, K., Sherman,M., Yuan, T., and Ikura,M. (2000)
J. Struct. Funct. Genomics 1, 8–14
27. Tokumitsu, H., Brickey, D. A., Glod, J., Hidaka, H., Sikela, J., and Soderling,
T. R. (1994) J. Biol. Chem. 269, 28640–28647
28. Tokumitsu, H., Hatano, N., Inuzuka, H., Yokokura, S., Nozaki, N., and
Kobayashi, R. (2004) J. Biol. Chem. 279, 40296–40302
29. Chow, F. A., Anderson, K. A., Noeldner, P. K., and Means, A. R. (2005)
J. Biol. Chem. 280, 20530–20538
30. Anderson, K. A., and Kane, C. D. (1998) Biometals 11, 331–343
31. Enslen, H., Sun, P., Brickey, D., Soderling, S. H., Klamo, E., and Soderling,
T. R. (1994) J. Biol. Chem. 269, 15520–15527
32. Llovera, M., de Pablo, Y., Egea, J., Encinas, M., Peiro, S., Martin-Zanca, D.,
Rocamora, N., and Comella, J. X. (2004) J. Neurochem. 88, 422–433
33. Crowder, R. J., and Freeman, R. S. (1998) J. Neurosci. 18, 2933–2943
34. Dolcet, X., Egea, J., Soler, R. M., Martin-Zanca, D., and Comella, J. X.
(1999) J. Neurochem. 73, 521–531
35. Soler, R. M., Dolcet, X., Encinas, M., Egea, J., Bayascas, J. R., and Comella,
J. X. (1999) J. Neurosci. 19, 9160–9169
36. Soderling, T. R., and Stull, J. T. (2001) Chem. Rev. 101, 2341–2352
37. Melander Gradin, H., Marklund, U., Larsson, N., Chatila, T. A., and Gull-
berg, M. (1997)Mol. Cell. Biol. 17, 3459–3467
38. Dong, B., Valencia, C. A., and Liu, R. (2007) J. Biol. Chem. 282,
25131–25140
39. Bok, J., Wang, Q., Huang, J., and Green, S. H. (2007) Mol. Cell. Neurosci.
36, 13–26
40. Gallo, V., Kingsbury, A., Balazs, R., and Jorgensen, O. S. (1987) J. Neurosci.
7, 2203–2213
41. Johnson, K., and D’Mello, S. R. (2005) J. Neurosci. Res. 79, 809–815
42. Vaillant, A. R., Mazzoni, I., Tudan, C., Boudreau, M., Kaplan, D. R., and
Miller, F. D. (1999) J. Cell Biol. 146, 955–966
43. Ho, N., Liauw, J. A., Blaeser, F., Wei, F., Hanissian, S., Muglia, L. M.,
Wozniak, D. F., Nardi, A., Arvin, K. L., Holtzman, D. M., Linden, D. J.,
Zhuo, M., Muglia, L. J., and Chatila, T. A. (2000) J. Neurosci. 20,
6459–6472
44. Ribar, T. J., Rodriguiz, R. M., Khiroug, L., Wetsel, W. C., Augustine, G. J.,
and Means, A. R. (2000) J. Neurosci. 20, RC107 (1–5)
CaMKIV Induces Neuronal Survival through PI 3-Kinase/PKB
4144 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283•NUMBER 7•FEBRUARY 15, 2008
 at U
N
IV
ERSITA
T D
E LLEID
A
 on February 6, 2017
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
X. Comella and Rosa M. Soler
M. José Pérez-García, Myriam Gou-Fabregas, Yolanda de Pablo, Marta Llovera, Joan
Regulated by Calmodulin Kinase IV
Neuroprotection by Neurotrophic Factors and Membrane Depolarization Is
doi: 10.1074/jbc.M705477200 originally published online December 13, 2007
2008, 283:4133-4144.J. Biol. Chem. 
  
 10.1074/jbc.M705477200Access the most updated version of this article at doi: 
 Alerts: 
  
 When a correction for this article is posted•  
 When this article is cited•  
 to choose from all of JBC's e-mail alertsClick here
  
 http://www.jbc.org/content/283/7/4133.full.html#ref-list-1
This article cites 44 references, 28 of which can be accessed free at
 at U
N
IV
ERSITA
T D
E LLEID
A
 on February 6, 2017
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
